During growth the mandible accommodates increases in biomechanical loading resulting from changes in the function of structures of the oral cavity. Biomechanical loads are thought to play an intricate and vital role in the modelling and remodelling of bone, with site-specific effects on bone mineral density. It is anticipated that the effects of this loading on bone mineral density are intensified during the functional transition from prenatal to postnatal stages. The aim of this study was thus to evaluate changes in bone mineral density across the body of the immature human mandible during the early stages of dental development. The study sample included 45 human mandibles, subdivided into three age groups: prenatal (30 gestational weeks to birth; n = 15); early postnatal (birth to 12 months; n = 18); and late postnatal (1-5 years; n = 12). Mandibles were scanned using X-ray micro-computed tomography. Eight landmarks were selected along the buccal/labial and lingual surfaces of each dental crypt for evaluation of the bone mineral density. Bone mineral density values were calculated using a reference standard and analysed using multivariate statistics. The bone mineral density of the lingual surface was found to be significantly higher (P ≤ 0.000) than that of the buccal/labial surface. Furthermore, bone mineral density in the alveolar region of the buccal/labial surface of the deciduous central incisor (P ≤ 0.001), the deciduous first molar (P ≤ 0.013) and lingual alveolar area of the deciduous second molar (P ≤ 0.032) were significantly greater in the early postnatal period than in the prenatal period. While changes in bone mineral density across the lingual surface were consistent with the progression of development and the biomechanical demand of the tongue as previously demonstrated, changes observed across the buccal/labial surface of the mandible appeared to accompany the advancing dental development. Thus, changes in bone mineral density across the mandible appear to be reflective of the stage of dental development and the level of biomechanical loading.
Introduction
During the transition from the prenatal to postnatal stages, the mandible and the masticatory apparatus adapt to significant variations in the biomechanical forces that are associated with the development, emergence and eruption of the dentition (Herring, 1985; Mavropoulos et al. 2005; Sato et al. 2005) . Loading conditions acting on the mandible are thought to play a marked and influential role in the modelling and remodelling of bone (Herring, 1985; van Eijden, 2000; Koolstra, 2002) , with site-specific effects on the bone mineral density (van Eijden, 2000; Ruffoni et al. 2007; Hernandez, 2008; Roschger et al. 2008; Cioffi et al. 2010; Hichijo et al. 2015) . As such, it may be expected that the effects of increased biomechanical loading on bone mineral density are particularly evident during the functional transition from the prenatal to the postnatal stages of growth, within the immature mandible.
During fetal growth, as the upper digestive tract adapts to increased functional demands and as various mouthopening reflexes and perinatal oral sensorimotor functions commence, the functionality of the tongue and associated oral cavity musculature is intensified (Miller et al. 2003; Delaney & Arvedson, 2008; Coquerelle et al. 2013) . This surge in the functionality of the oral cavity musculature results in increased strain on the muscle attachment sites as well as escalation in early mandibular movements, which are thought to be initiated by tongue movements (Lee et al. 2001; Coquerelle et al. 2013) . During the early postnatal period, the functioning of the masticatory apparatus becomes more sophisticated due to the development, emergence and eruption of the dentition as well as changes in tongue posture. These changes are thought to result in variations in the loading conditions imposed on the mandible. This may lead to a possible change in the bone mineral density of the associated areas of the mandible (Miller et al. 2003; Delaney & Arvedson, 2008; Coquerelle et al. 2013) .
Studies assessing variations in mandibular bone mineral density have contrasted hard and soft diet types to assess the impact of forces arising from the muscles of mastication on their respective mandibular attachment sites (Mavropoulos et al. 2004 (Mavropoulos et al. , 2005 . However, the influences of increased biomechanical forces resulting from the dentition have not been investigated (Mavropoulos et al. 2004 (Mavropoulos et al. , 2005 . Furthermore, while these studies focused on the volumetric density changes, i.e. the amount of mineralised bone associated with bone density, they did not specifically assess changes in the degree of mineralisation of the mineral component of bone density (Mavropoulos et al. 2004 (Mavropoulos et al. , 2005 Roschger et al. 2008) . Volumetric density changes serve as valuable indicators of the biomechanical potential of bone, while bone mineral density distributions provide an indication of its strength, stiffness and toughness (Ruffoni et al. 2007; Hernandez, 2008; Roschger et al. 2008; Cioffi et al. 2010; Hichijo et al. 2015) . Furthermore, bone mineral density distributions assist in predicting the pattern of biomechanical force and strain across a developing bone, through the identification of areas of bone presenting with low levels of mineralisation and a higher degree of bone modelling and remodelling (Roschger et al. 2008; Cioffi et al. 2010; Hichijo et al. 2015) .
Furthermore, studies assessing the prenatal growth of the mandible have limited their focus to the embryonic or early fetal periods of development (Merida Velasco et al. 1990; Lee et al. 2001; Radlanski et al. 2002 Radlanski et al. , 2003 Radlanski et al. , 2004 . While the mandible undergoes a significant degree of development during these periods, it is the transition across functional states from the fetal to the early postnatal periods that significantly influences the mandibular morphology (Miller et al. 2003; Delaney & Arvedson, 2008; Coquerelle et al. 2013; Hutchinson et al. 2014 ). In addition, while studies have assessed the changes in the mandibular morphology during this functionally complex period, there is a paucity of information on how the bone mineral density varies, particularly over periods of dental development and eruption. As such, it was hypothesised that the pattern of bone mineral density of the immature human mandible would be consistent with the levels of biomechanical loading of the bone and the dentition, during perinatal stages of growth. Thus, the aim of this study was to evaluate changes in bone mineral density across the body of the immature mandible during the early stages of dental development. While imaging modalities such as dual-energy X-ray provide a basis for studying volumetric density changes, modalities such as micro-computed tomography (CT) provide detailed information about the bone mineral density distributions and as such the degree of mineralisation of bone (Ruffoni et al. 2007; Roschger et al. 2008 ). Thus, the study made use of micro-CT scanning to investigate changes in the bone mineral density distribution across areas of the body of the immature mandible associated with the tongue and developing dentition.
Materials and methods
Forty-five fetal and neonatal mandibles were utilised, of which 28 were sourced from fresh cadaveric tissue of unknown provenance from the Johannesburg Forensic Paediatric Collection, Division of Forensic Medicine and Pathology. Soft tissue dissection was performed to extract the mandibles from the fresh cadaveric remains. The remaining 17 mandibles were from skeletonised individuals of the Raymond A. Dart Collection of Human Skeletons, School of Anatomical Sciences. Identical protocols were followed in processing the individual remains from each collection. Use of the skeletonised mandibles is permissible under the Human Tissue Act 65 of 1983, while ethical clearance for the study was obtained from the University of the Witwatersrand's Human Ethics Research Committee (M121145).
Specimens ranged in age from 30 gestational weeks to 5 years postnatal. The ages of all specimens were estimated by means of small dental radiographs (two sets: anterior view showing the anterior dental crypts and associated dentition; and a lateral view showing the posterior dental crypts and the associated developing dentition) obtained with a NOMAD portable X-ray unit (Aribex, Charlotte, NC, USA) and dental development standards previously proposed by Alqahtani et al. (2010) . The sample was subdivided into three groups: prenatal (30 gestational weeks to birth, n = 15); early postnatal (birth to 12 months, n = 18); and late postnatal (1-5 years, n = 12). The sample was subdivided according to these chronological intervals as the mandible is thought to undergo significant changes during these designated periods with the progression of oral and masticatory function. A visual examination was conducted across the study sample, and individuals showing obvious evidence of congenital abnormalities, surgical intervention or general damage to the mandible were excluded from the study. As such, 15 specimens were excluded from the total study sample (n = 60), and only 45 mandibles were found to be suitable for further analysis.
All mandibles were scanned using a Nikon XTH 225L micro-focus CT X-ray unit (Nikon Metrology, Leuven, Belgium), located at the MIXRAD laboratory at the South African Nuclear Energy Corporation, Pelindaba. Scanning parameters were set to 100 kV/100 lA and 100 lm as a means of standardising the scanning conditions across the sample. A 0.1 mm thick aluminium filter was used to approximate a homogeneous X-ray beam spectrum by removing the lower energy photons. Specimens were securely mounted in a polystyrene mould, with the body of the mandible vertically oriented. In addition a small plastic peg was used as a density reference sample owing to its uniform material composition. The reference sample was placed within the polystyrene mould for each scan to further assist in standardising scanning conditions across scans. The mounted specimens were then placed on to a rotating sample manipulator, which facilitated scanning at 360°. One-thousand projection images were obtained in the 360°that resulted in a good-quality scan with optimised time. The scanning setup was optimised for highest spatial resolution by setting the sample with maximum magnification (magnification is a property of a cone beam). Consequently a resolution of between 0.023 and 0.050 lm was obtained. The scans were then reconstructed using NIKON CTPRO software (Nikon Metrology).
Following three-dimensional reconstruction, all the scans were imported into VGStudio Max V2.2 (Volume Graphics GmbH, Heidelberg, Germany) as volume files for further analysis. All imported volume files were then subjected to a surface determination analysis to allow for clear determination of surface landmarks. The orientation of the micro-CT slices of the mandible was then standardised by aligning each slice with an established transverse plane. This alignment allowed for further analysis of the dental crypt in a horizontal cross-section. The transverse reference plane was established by selecting a minimum of three reference points (fiducial markers) along the inferior region of the mandible (Fig. 1 ). These points, located between the antegonial notch and the dental crypt of the canine (Fig. 1) , assisted in standardising the alignment of the micro-CT slices with the transverse plane. All slices of the mandible were then aligned to these reference points and the transverse reference plane was established parallel to the inferior region of the mandible.
After the micro-CT slices of the mandible were aligned with the established transverse plane, the mesiodistal mid-point of each individual dental crypt was determined ( Fig. 2A ). All dental crypts were included in the study assessment, with the exception of the M2 molar crypt that was only present in one individual. The maximum mesiodistal diameter used to determine the mid-point of each dental crypt was established tangential to the buccal/labial surface ( Fig. 2A) . The mid-point of the maximum mesiodistal diameter of the dental crypt was then located and a section was taken at this point ( Fig. 2A) . A single mid-point section was used for the anterior dental crypts as they were not as long as the posterior dental crypts ( Fig. 2A ). In the case of the posterior dentition, the maximum mesiodistal diameter was subdivided into three sections (distal, midpoint and mesial; Fig. 2A ).
To further study the mineral density of the lingual and buccal/ labial surfaces of the mandible relative to each dental crypt, the mandible was again subjected to a surface determination analysis ( Fig. 2A) . The surface determination analysis defines the surface of the mandible in three-dimensional space, which then allows for the selection of points or areas of interest. Following the surface determination analysis, all micro-CT slices were then re-aligned to the sagittal plane at the midpoint of the mesiodistal diameter of each dental crypt and subjected to further cross-sectional analysis (Fig. 2B) . The re-alignment of the micro-CT slices from the transverse plane to the sagittal plane provided the opportunity to study changes in the bone mineral density along the superior, middle and inferior points of the lingual and buccal/labial surfaces, respectively (Fig. 2B ). This process was repeated for all subsequent dental crypts.
Measurements
To assess the bone mineral density on both the buccal/labial and lingual surfaces of each dental crypt, a total of eight points were selected along these surfaces (Fig. 2B ) on the basis of the functionality and stage of dental development (Jager et al. 1990; Park et al. 2008; Hsu et al. 2011; Chang et al. 2012) . The size of each assessment point was adapted to accommodate the change in the size of the body of the immature mandible. Thus, the area of each assessment point included a radius of 0.4 mm and a depth of 1 mm. The depth of each assessment point included multiple slices through an area. Superior, middle and inferior points were located in the alveolar region, and a midpoint within the basal region of each surface.
The superior points of the lingual and buccal/labial surfaces were located at the level of the opening of the dental crypt (a), which corresponded to the bony crests of each surface (Fig. 2B ). The middle points of the lingual and buccal/labial surfaces were located at the level of the maximum width of the dental crypt (c), which was associated with the midpoint of the dental crypt height (b). The dental crypt height was measured between the most inferior point of the dental crypt and a point directly perpendicular to it, which was located at the level of the opening of the dental crypt (Fig. 2B ). The inferior points on both the lingual and buccal/labial surfaces were aligned with the inferior border of the dental crypt (d) (Fig. 2B) . The lingual and buccal/labial surface midpoints were located at the midpoint of the basal region (f) indicated at the midpoint of the basal bone height (e). The basal bone height was measured from the most inferior point located along the inferior border of the mandible to a perpendicular point located along the inferior border of the dental crypt (Fig. 2B ).
Data analysis
The grey value assessed at each point was used as an estimate of bone mineral density. This value was standardised using the grey value of the reference material included in each scan, i.e. the grey value of each assessment point was subdivided by the grey value of reference. This resulted in the data for each assessment point being presented as ratios or absolute values, which allowed for further statistical analysis and comparisons of the bone mineral density distribution values across the sample.
Descriptive statistics, including means and standard deviations, were calculated for all the density ratios (as absolute density values cannot be used with polychromatic X-ray beams) associated with each dental crypt. A Shapiro-Wilk's test assessed the distribution of the sample, which further determined statistical analyses based on the distribution type. All statistical analyses were conducted using Considering the parametric distribution of the data, an analysis of covariance (ANCOVA) was first conducted to evaluate the influence of age on the bone mineral density distribution patterns of the buccal/labial and lingual surfaces, respectively (Zar, 1999) . Furthermore, a principal component analysis was conducted to visualise the level of interaction between the buccal/labial and lingual surfaces of the mandible and their associated alveolar and basal areas across the prenatal, early postnatal and late postnatal groups.
In the cases where a significant degree of interaction was observed between the buccal/labial and lingual surfaces, a multivariate analysis of variance (MANOVA) was conducted to evaluate the level of interaction between the independent factors, i.e. age group and tooth type, and the dependent factors, i.e. mineral density ratios associated with each surface (Zar, 1999) . A Tukey's honest significant difference post hoc test and pairwise comparisons were also conducted. A significance level of a < 0.05 was considered statistically significant. Inter-and intra-observer errors were evaluated using 10 specimens and then tested using Lin's concordance correlation co-efficient of reproducibility, which provides information on the level of repeatability of the method and the degree of association between measurements (Allan, 1982) .
Results
A high level of repeatability (77.3-99.9%) was observed across all measurements within the study. As no significant differences were observed between the superior, middle and inferior mineral density landmarks of the alveolar areas of each surface, these values were averaged to provide a value for the general alveolar area. Furthermore, as no significant differences were observed between the left and right measurements, these values were also averaged. While the age group had no effect on variations in bone mineral density across the alveolar and basal areas of the lingual surface (P < 0.153), both areas of the buccal/labial surface were well correlated with changes in age (P < 0.001; Fig. 3 ).
The buccal/labial surface vs. the lingual surface of the mandible
Bone mineral density values across the lingual surface were significantly higher (P < 0.001) than those of the buccal/ labial surface across all dental crypts, with the exception of the first permanent molar crypt in the prenatal and early postnatal periods ( Fig. 4A,D ; Table 1 ). Furthermore, in the late postnatal period, bone mineral density values across the lingual surface were significantly higher (P < 0.001) across the lateral incisor crypt, canine crypt and first deciduous molar dental crypt when compared with the buccal surface ( Fig. 4A,D ; Table 1 ). In the early postnatal period, bone mineral density along the lingual surface in the area of the lateral incisor crypt (4.4%, P < 0.015) was significantly greater than that of the central incisor crypt, and bone mineral density of the second deciduous molar crypt (8.2%, P < 0.001) was significantly greater than that of the first permanent molar crypt ( Fig. 4A ; Table 1 ). Bone mineral density across the lingual surface of the second deciduous molar crypt in the early postnatal period was significantly greater (3.7%, P < 0.046) than that of the prenatal period ( Fig. 4A ; Table 2 ). In addition, bone mineral density along the lingual surface was significantly greater in the late postnatal period (CI: 7.5%, P < 0.001; LI: 5.4%, P < 0.013; C: 4.8%, P < 0.029; DM1: 5.9%, P < 0.005; DM2: 4.7%, P < 0.023; M1: 12.2%, P < 0.001) when compared with the early postnatal period ( Fig. 4A ; Table 2 ).
In the prenatal and early postnatal periods, bone mineral density along the buccal/labial surface of the mandible, in the area of the lateral incisor crypt, was significantly greater than that of the central incisor crypt (8.1%, P < 0.004) and canine crypt (9.5%, P < 0.001) areas, respectively ( Fig. 4D ; Table 1 ). In addition, bone mineral density in the area of the first deciduous molar crypt was significantly greater (7.0%, P < 0.001) than that of the canine crypt area ( Fig. 4D ; Table 1 ). In the late postnatal period, only bone mineral density in the area of the second deciduous molar crypt was significantly greater (5.1%, P < 0.026) than that of the first deciduous molar crypt ( Fig. 4D; Table 1 ). Along the general Fig. 4 Box-whisker plots indicated differences in the bone mineral density values across the general lingual (A), lingual alveolar (B), lingual basal (C), general buccal/labial (D), buccal/labial alveolar (E) and buccal/labial basal (F) surfaces of the mandible during the prenatal (30 gestational weeks to birth), early postnatal (birth to 1 year) and late postnatal (1-5 years) periods. Density differences between each of the dental crypts are also indicated across all assessed age groups for each surface (CI, central incisor; LI, lateral incisor; C, canine; DM1, first deciduous molar; DM2, second deciduous molar; M1, first permanent molar). Table 1 Multivariate analysis of variance (MANOVA) indicating the pairwise comparisons of density ratios between dental crypts for each of the assessed mandibular surfaces within each age group. buccal/labial surface of the mandible, bone mineral density was significantly greater in the early postnatal period (CI: 8.8%, P < 0.002; LI: 4.8%, P < 0.045; DM1: 6.3%, P < 0.011) when compared with the prenatal period ( Fig. 4D ; Table 2 ). In addition, bone mineral density along the buccal/labial surface was significantly greater in the late postnatal period (CI: 16.9%, P < 0.001; LI: 11.0%, P < 0.001; C: 23.9%, P < 0.001; DM1: 15.1%, P < 0.001; DM2: 16.5%, P < 0.001; M1: 13.4%, P < 0.001) when compared with the early postnatal period ( Fig. 4D ; Table 2 ).
Mean

Alveolar region
In the early postnatal period, bone mineral density across the lingual surface was significantly greater in the area of the lateral incisor crypt (5.2%, P < 0.029) and the second deciduous molar crypt (10.2%, P < 0.001) when compared with the central incisor crypt and the first permanent molar crypt, respectively ( Fig. 4B ; Table 1 ). Bone mineral density in the area of the second deciduous molar crypt was significantly greater (5.0%, P < 0.032) in the early postnatal period than the prenatal period (Fig. 4B ). In addition, bone mineral density along the lingual surface was significantly greater in the late postnatal period (CI: 10.3%, P < 0.001; LI: 6.7%, P < 0.002; C: 6.0%, P < 0.011; DM1: 6.6%, P < 0.003; DM2: 6.6%, P < 0.002; M1: 16.7%, P < 0.001) when compared with the early postnatal period ( Fig. 4B ; Table 2 ). Along the buccal/labial surface of the mandible, bone mineral density variations observed across the alveolar region followed a similar pattern of change to that previously observed along the general buccal/labial surface of the mandible (Fig. 4D,E ; Table 1 ). Along the buccal/labial surface of the mandible, bone mineral density was significantly greater in the early postnatal period (CI: 12.6%, P < 0.001; DM1: 7.4%, P < 0.013) when compared with the prenatal period ( Fig. 4E ; Table 2 ). In addition, bone mineral density along the buccal/labial surface was significantly greater in the late postnatal period (CI: 20.3%, P < 0.001; LI: 11.8%, P < 0.001; C: 31.0%, P < 0.001; DM1: 17.8%, P < 0.001; DM2: 20.5%, P < 0.001; M1: 12.8%, P < 0.001) when compared with the early postnatal period ( Fig. 4E; Table 2 ).
Basal region
In the prenatal period, bone mineral density across the lingual surface was significantly greater in the area of the lateral incisor crypt (6.6%, P < 0.004) when compared with the central incisor crypt area ( Fig. 4C; Table 1 ). In the early postnatal period, bone mineral density in the areas of the lateral incisor crypt (5.3%, P < 0.009) and second deciduous molar crypt (5.5%, P < 0.005) were significantly greater when compared with the central incisor crypt and first permanent molar crypt areas, respectively ( Fig. 4C; Table 1 ). Bone mineral density across the buccal/labial surface, in the Table 2 Multivariate analysis of variance (MANOVA) indicating the pairwise comparisons of density ratios between age groups for each of the assessed mandibular surfaces across all associated dental crypts. areas of the central incisor crypt (6.7%, P < 0.005) and canine crypt (5.9%, P < 0.016), was significantly greater than that of the lateral incisor crypt area within the prenatal period ( Fig. 4F; Table 1 ). In the early postnatal period, bone mineral density in the areas of the first (4.9%, P < 0.013) and second (9.6%, P < 0.001) deciduous molar crypts were significantly greater when compared with the canine crypt and first permanent molar crypt areas, respectively ( Fig. 4F ; Table 1 ).
Along the buccal/labial surface of the mandible, bone mineral density was significantly greater in the early postnatal period (LI: 5.2%, P < 0.032; DM2: 4.1%, P < 0.044) when compared with the prenatal period ( Fig. 4F ; Table 2 ). In addition, bone mineral density along the buccal/labial surface was significantly greater in the late postnatal period (CI: 8.0%, P < 0.001; LI: 9.9%, P < 0.001; C: 10.4%, P < 0.001; DM1: 7.0%, P < 0.002; DM2: 7.3%, P < 0.001; M1: 15.6%, P < 0.001) when compared with the early postnatal period ( Fig. 4F ; Table 2 ).
Discussion
The transition between the late prenatal and early postnatal periods of growth represents a functionally complex period. It is during this period that the growth of the mandible and the associated masticatory apparatus is synchronised with the development of functions such as sucking, suckling and mastication, which are required for successful nutritional intake (Miller et al. 2003; Delaney & Arvedson, 2008) . As the oral cavity structures adapt to accommodate the change in function, it is expected that bone mineral density will be significantly affected by both changes in the state of the dentition as well as the functionality of the masticatory apparatus during the late prenatal and early postnatal periods of growth. This change in bone mineral density distribution illustrates the impact of functional changes on the developing mandible during its early period of growth. The change may also be significant when considering that many of the bone disorders, for example osteogenesis imperfecta, affect children (Roschger et al. 2008) . Furthermore, the bone mineral density distribution across the cortical bone of the mandible observed in this study provides valuable clinical insights into the impact of biomechanical changes arising from dental development on the mandibular bone during growth (Roschger et al. 2008) .
While this study offers valuable insights into the growth and development of the mandible during a particularly complex period of growth, there were some limitations in the sample that should be noted. The cross-sectional nature of the study ultimately limits the level of causal inferences regarding changes in age or function. In addition, part of the sample was sourced from a forensic setting, thus detailed demographic data for each specimen were not available. Furthermore, the nutritional status and any underlying metabolic diseases of the study sample are not known and, as such, inferences concerning the effects of any metabolic disturbances on the structure and morphology of the mandible fall outside the scope of this study. Thus, the study made use of ratios or absolute values rather than Hounsfield's units, as a means to describe a pattern of change in bone mineral density vs. quantifying the bone density of an area. While the present study assessed changes in bone mineral density across the body of the immature mandible, it did not specifically assess changes in the amount of mineralised bone tissue or change in the bone volume. Thus, the depth of inferences regarding changes in bone density across the immature mandible is limited to bone mineral density distribution.
Considering that the development and growth of the oral cavity soft tissues precedes that of the developing dentition, the findings of the current study will be discussed in accordance with this timeline. In general, bone mineral density across the lingual surface was observed to be significantly higher than the buccal/labial surface across the prenatal and early postnatal periods. This disparity in bone mineral density between the surfaces of the mandible may be attributed to the early development of the mandible. During the 6th week of gestation, the intramembranous ossification of the mandible commences relative to the facial surface of Meckel's cartilage (Lee et al. 2001) . Trabecular bone originating from the primary growth centre of the mandible advances in a buccal direction (Lee et al. 2001; Radlanski et al. 2003) . Thus, the bone of the lingual surface is further advanced in its growth as well as degree of mineralization when compared with the buccal/labial surface of the mandible.
As the morphology of the mandible is thought to change with the development of the associated masticatory structures and an increase in masticatory activity, variations in bone mineral density within the alveolar and basal areas of the lingual and buccal/labial surfaces of the mandible were investigated further. The higher bone mineral density of the lateral incisor crypt region, particularly during the prenatal and early postnatal periods of growth, may be attributed to changes in both the morphology of the symphyseal region of the mandible (Scheuer & Black, 2000; Lee et al. 2001; Radlanski et al. 2003; Hutchinson et al. 2014) as well as in the functioning of the tongue (Miller et al. 2003; Delaney & Arvedson, 2008) .
During the 12th week of gestation, the ventral symphyseal cartilages commence the process of endochondral ossification (Scheuer & Black, 2000; Radlanski et al. 2003) . This process, which includes increased bone modelling and remodelling, continues until fusion of the hemi-mandibles is completed (Scheuer & Black, 2000; Hutchinson et al. 2012 Hutchinson et al. , 2014 . Thus, bone in the symphyseal region and associated central incisor crypt region is younger and as such lower in density (Hernandez, 2008) when compared with the more established bone of the lateral incisor region. The lower density bone of the central incisor crypt area and the associated symphyseal region of the mandible may also be attributed to a high level of biomechanical activity originating from the tongue. The level of biomechanical demand is linked to the level of functional activity, which is associated with a variation in the degree of strain imposed on the lingual surface of the mandible. In a study investigating the effects of a reduction in the volume of the tongue on craniofacial growth, Liu et al. (2008a,b) observed a reduction in the symphysis width and anterior dental arch width as well as a significant reduction in the bone mineral density (Liu et al. 2008a,b) . The observations made in these investigations were based on a porcine sample, making direct inferences to the human difficult. However, Hutchinson et al. (2014) observed similar patterns in the relationship between the growth of the tongue and the mandible in prenatal and early postnatal human samples.
The significant difference observed in bone mineral density between the second deciduous molar and the first permanent molar crypt regions along the lingual surface may be a result of a change in the orientation of the ramus. The ramus of the mandible undergoes a significant transition both in its orientation and morphology across the late prenatal and early postnatal periods of growth as a result of the increase in functional and spatial demands from the developing dentition (Hutchinson et al. 2012 (Hutchinson et al. , 2014 . These demands result in increased bone modelling and remodelling, which leads to the ramus transitioning from a horizontal disposition prenatally to a more vertical orientation postnatally (Scheuer & Black, 2000; Hutchinson et al. 2012 Hutchinson et al. , 2014 . Furthermore, there is also a change internally within the body of the mandible, as the development and growth of the mandibular canal is thought to be synchronised with the dentition (Hutchinson et al. 2016 ).
The differences in bone mineral density across the buccal/ labial surface of the mandible may be reflective of the stage of dental development. The bone mineral density in the area of the lateral incisor crypt was significantly higher than that of the canine and central incisor crypt regions, which may be attributed to the level of dental development across the three dental crypt regions. While the canine tooth only starts development after the lateral incisor, the central incisor tooth is thought to be more advanced in its growth and development when compared with the lateral incisor (Alqahtani et al. 2010) . The lower bone mineral density in the area of the canine may be attributed to the early stage of dental development, while the lower bone mineral density of the central incisor crypt area may be the result of an increase in bone modelling owing to increased physiological tooth movement in the area (Melsen, 1999; Dolce et al. 2002; Wise & King, 2008 ). The effect of the level of tooth development may also account for the progressively higher bone mineral density found across successional crypts in a posterior direction in the current study.
In conclusion, variations in the bone mineral density associated with the lingual surface of the mandible were observed to be more reflective of the level of development of the tongue and muscles of mastication as well as a change in the level of biomechanical demand of these structures on the lingual surface. In contrast, the variations in the bone mineral density associated with the buccal/ labial surface of the mandible are more reflective of the state of dental development and associated stage of physiological tooth movement. As such, changes in bone mineral density across the mandible appear to be reflective of the stage of dental development and the level of biomechanical loading consistent with the transition from the fetal to early postnatal stages of growth.
